The transport mechanism mediating brain uptake of tumor necrosis factor (TNFα) has been studied. When 125 I-labeled rat TNFα was used in internal carotid artery perfusions in rats, the cytokine showed transcytosis through the blood-brain barrier in intact form (permeability-surface area product 0.34 ± 0.13 µL min -1 g -1
INTRODUCTION
Systemically released proinflammatory cytokines like tumor necrosis factor (TNFα) act as signals in the complex network of immune-neuro-endocrine interactions. They cause unequivocal effects in the central nervous system, such as fever and stimulation of the hypothalamo-pituitary-adrenal axis (5, 9, 25) . However, the mechanisms of transmittal from the circulation to the brain, in particular the role of the blood-brain barrier (BBB), are still not fully understood. Studies utilizing diverse experimental approaches suggest at least four distinct pathways of communication (9, 17) . Cytokines may act on cognate receptors on brain cells after physically entering the organ, either by (i) transport across the BBB, or (ii) by gaining access at circumventricular organs, i.e. at sites where the BBB is absent. Alternatively, (iii) cytokines may trigger the release of second messengers (prostaglandins, NO) by brain microvascular endothelial cells and perivascular microglia. Finally, (iv) cytokines may stimulate afferent nerve fibers in the periphery to send signals to the brain parenchyma.
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The transport of TNFα through the BBB in rats was measured with or without prior intraperitoneal administration of LPS. These transport studies were performed using the internal carotid artery perfusion technique. This method is particularly suitable for brain uptake studies of labile substances because it eliminates systemic metabolism. The latter point is relevant with respect to TNFα: in rats a distribution half life of only 5 min and a mean residence time of 24 min has been reported (45) . In the present experiments uptake into brain parenchyma was differentiated from vascular sequestration by the capillary depletion method. Binding and cellular uptake of TNFα were also studied in receptor binding assays using freshly isolated brain cortical microvessels and cell membrane preparations from these microvessels. Northern blot analysis of brain microvessel-derived RNA was applied to determine the TNF receptor gene expression in untreated rats and after systemic LPS administration.
I-TNFα was quantified with the ELISA specific for rat TNFα.
Internal carotid artery perfusion technique (ICAP):
Unilateral vascular brain perfusions were performed in anesthetized rats (100 mg/kg ketamine and 4 mg/kg xylazine intramuscularly) via retrograde cannulation of the external carotid artery after cauterization of the occipital artery, superior thyroid artery and pterygopalatine artery. The common carotid artery was ligated just before initiation of the perfusion. Krebs-Henseleit buffer (KHB) containing 1% bovine serum albumin (BSA) equilibrated with 95% O 2 , 5% CO 2 was perfused at a flow rate of 1.25 ml/min using a peristaltic pump (Spetec, Munich, Germany). The perfusate contained 1 µCi/ml 125 Ilabeled ratTNFα (0.33 -1.67 nM, referring to trimeric TNFα) or human TNFα and 10 µCi/ml 3 H-RSA. Inhibition experiments were performed in 125 I-rat TNFα tracer perfusion by adding unlabeled rat TNFα (0.83 to 16.7 nM). Perfusion times of 1 min, 5 min or 10 min were chosen.
To keep intravascular volume constant, during the 5 min and 10 min perfusions blood was withdrawn at the same rate via a catheter in the femoral artery. Perfusions were terminated by decapitation. The brain was quickly removed and cleaned from meninges and the ipsilateral hemisphere (forebrain without hypothalamus and olfactory bulb) was weighed. The tissue was gently homogenized on ice in physiological buffer and "capillary depletion" analysis was performed as described (43) 
The apparent rate of brain uptake of TNFα can be expressed in terms of the permeability-surface area product (PS) at the BBB:
where T is perfusion time (1 min, 5 min, 10 min). Assuming an unidirectional transport (influx) the rate of uptake may then be determined by linear regression analysis of data obtained after the various perfusion periods (8) . The corresponding values for the intravascular marker, V D(RSA) ,
were subtracted from the homogenate, supernatant and pellet V D of TNFα.
TCA precipitation of brain postvascular supernatant: 2 mL icecold 20% TCA in water were added to 0.5 mL of postvascular supernatant, briefly vortexed, incubated on ice for 10 min and centrifuged at 4,300 g for 5 min at 4°C. The TCA precipitable pellet and the TCA supernatant were measured in a γ-counter. The TCA precipitable fraction of radioactivity was expressed as % (TCA prec.) = 100 x [cpm pellet / (cpm pellet + cpm supernatant )]
SDS-polyacrylamide gel electrophoresis: After a 5 min internal carotid artery perfusion with an Ultra Turrax (Kinematica, Switzerland). A 300 µL aliquot was loaded on a 3 mm discontinuous 5%/15% SDS-PAGE gel. The gel was dried and exposed to autoradiographic film (Kodak X-OMAT) for 2 weeks.
Isolation of rat brain capillaries: Animals were sacrificed under halothane anesthesia and the brains were removed. Meninges, choroid plexus and white matter were carefully removed from the cortical shell. The tissue was mechanically homogenized in 20% dextran. Microvessels were purified by sieving through 80 µm nylon mesh and pouring onto a glass bead column held by a 40 µm nylon mesh as described (35) . The microvessels were harvested from the glass beads and the 40 µm nylon mesh and spun down by gentle centrifugation (300 g, 5 min, 4˚C). The capillary pellet was resuspended in Ringer-Hepes-buffer (RHB) with 0.1 % BSA and visually inspected by light microscopy. An aliquot was removed for protein measurement (BCA assay). 
RT-PCR:
Primers for amplification of p60 (TNF receptor type-1) were selected from the rat sequence (EMBL accession code m63122) for amplification of bp 813 to 1167 of the cDNA sequence by using the HUSAR software. Primers for cDNA of rat p80 (= TNF receptor type-2)
were taken from the partial sequence of 256 bp (EMBL accession code u55849). Four additional primer pairs for overlapping regions spanning the coding region were selected using the mouse p80 cDNA sequence (EMBL accession code m60469).
One microgram of total RNA was reverse transcribed with Superscript II-reverse transcriptase (GIBCO, Karlsruhe, Germany) and pd(N)6 random primer hexamers (Amersham Pharmacia Biotech, Freiburg, Germany) for 90 min at 42°C, and 2 µl of reverse transcription product excised from pCR 1000 by EcoRI digest (39) . As a standard, a commercial human GAPDH
RESULTS
The brain uptake of radiolabeled rat TNFα was measured in rats using the internal carotid artery perfusion method. We confirmed that the labeling procedure did not compromise bioactivity of 
DISCUSSION
The results of the study are compatible with the following conclusions: 1) A saturable transport system for TNFα is present at the blood-brain barrier, which recognizes rat TNFα, but not human TNFα. The p80 receptor appears to be required for the BBB transport.
2 The rate of BBB transport of TNFα was measured using the internal carotid artery perfusion method. While the PS-product for TNFα was low, it is clearly much higher than would be expected for a macromolecule of its size (molecular weight of the homotrimer = 51 kDa). The characterization of the receptors in binding and internalization studies with isolated brain microvessels and membrane preparations proved difficult. We were able to demonstrate specific binding sites for 125 I-labeled rat TNFα on these microvessels by the partial competition with a molar excess of TNFα. However, a calculation of B max and K D was not feasible. Presumably the endothelial expression of these binding sites at the protein level is relatively low compared to the degree of nonspecific binding of TNFα to microvessels. The latter could be due to adsorption to cytoskeletal elements, which are partially exposed in microvessel preparations such as those used here (29) .
However, we could readily identify both the p60 and the p80 receptor on Northern blots of native rat brain capillary mRNA. These transcripts were of endothelial origin as demonstrated by the presence of a strong GLUT1 signal, which is known to be selectively expressed at the BBB (34).
Absence of the message for C1q, which represents an exclusive marker of microglia and perivascular macrophages in brain tissue (38) , served as a negative control in support of the pureness of the microvessel preparation. Microglia is known not only as a source of cytokines, but also to constitutively express both types of TNFR (15) . Therefore, the lack of a signal for C1q in the capillary mRNA indicates that these cells were not present in the microvessel preparation.
Our results for p60 and p80 mRNA expression in brain microvessels after systemic LPS administration extend the observations with in situ hybridizations performed by Nadeau and Rivest (29) . These authors found low constitutive expression of the p60 transcript over brain parenchymal blood vessels, while they did not detect basal p80 expression by BBB endothelium.
The discrepancy between the negative in situ hybridization data and the present findings with respect to the basal p80 signal on brain microvessels may be explained by the different methods.
We achieved high sensitivity in our Northern hybridizations due to the use of polyA-RNA from brain microvessels of 12 pooled brains. After provocation of a systemic immune response with i.p. injection of LPS, the mRNA levels of p60 and p80 in brain capillaries were moderately elevated in the present study, and these Northern blot data 4 h after LPS are consistent with peak stimulations by LPS or TNFα found between 3h and 6h in the in situ hybridization study over brain parenchymal blood vessels and over choroid plexus (29) . The signals seen on our Northern blots did not reveal additional transcripts in brain capillary endothelial cells compared to non-BBB tissues. Similar transcript sizes for the p60 and p80 receptor have been reported in rat bronchial epithelium (2) and rat glia (15) . In addition, all the PCR products for TNFR-1 and TNFR-2 described here were of the expected size, as confirmed by sequencing. In this regard, it is interesting to note that a novel isoform of the human TNFR-2, icp75TNFR, which is intracellularly expressed at a low abundance, was recently isolated (40) No significant changes occurred in the rate of brain uptake of 125 I-ratTNFα between 4 h and 24 h after i.p. administration of LPS. We have previously shown that LPS administration at low (50 µg/kg) and high doses (2 mg/kg) did not result in a measurable breakdown of the BBB in rats for vascular markers of small and high molecular weight (sucrose and serum albumin, respectively) (7) . The present data with RSA confirmed that finding. Therefore, no increase in the rate of brain uptake of TNFα due to a damaged BBB had to be expected in our study. As outlined, the present results ( Figure 1 From a physiological point of view, a substantial increase of the transport rate of TNFα into brain under inflammatory conditions may be undesirable, considering the potent cytotoxic effect of the cytokine. However, the amount of the cytokine transported would increase proportionately with plasma concentrations, as long as the concentrations stay within a range seen in physiological conditions. These concentrations are insufficient to saturate the BBB transport system for TNFα (Figure 1) . Here, the constant rate of BBB transport after an LPS stimulus ( Figure 6 ) was measured at perfusate TNFα tracer concentrations of about 1 nM, which already correspond to high levels seen in conditions like sepsis (48) .
In conclusion, our data strengthen the concept that receptor-mediated transport of TNFα at the BBB occurs under native conditions and after systemic immune stimulation. This could form part of a feedback regulation between immune system and CNS, analogous to a feedback loop regulating food intake, which seems to be mediated by the BBB transport of leptin and may be disturbed in obesity (22) . The transport of the cytokine across the BBB would complement the well described direct effect of circulating TNFα on the endothelial cells (29) , which releases soluble mediators such as prostaglandins and nitric oxide and activates the hypothalamo-pituitary adrenal axis. 
